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SUMMARY 


The thermophysical and mechanical properties of Closed Pore 
Insulation (CPI) were measured after exposure to 25 simulated re 
entry thermal cycles. In addition, mechanical properties were 
obtained at elevated temperatures before and after cycling. The 
properties of CPI were not compromised by the cycling. 

High temperature creep studies were done on three CPI com” 
positions (4, 8, and 12 Wt7 0 CoO additive) . CPI”4 had the best 
creep resistance at temperatures up to 1363 K. 
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I . INTRODUCTION 


The primary objective of this work is further characteriza- 
tion of Grumman' s closed pore insulation (CPI) as a candidate heat 
shield material for the Space Shuttle Orbiter. Room temperature 
properties of CPI were initially characterized under NASA Contract 
NAS 1-10713 (Ref. 1) . The program carried out herein included 
measurement of thermophysical and mechanical properties of CPI at 
elevated temperatures before and after 25 simulated re-entry 
thermal cycles . The purpose of these experiments was to determine 
the extent of degradation, if any, of CPI after exposure to the 
re-entry thermal environment. 
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II. SIMULATED RE-ENTRY THERMAL CYCLING 


A programmed quartz lamp array was used to simulate the re- 
entry temperature profile. The details of this experimental setup 
have been given previously (Ref. 1). The time -temperature re-entry 
profiles used in this study are shown in Fig. 1. These profiles 
were based on the most recent re-entry trajectory heat fluxes from 
NASA-MSC and are more realistic than the trapezoidal cycle used in 
earlier work (Ref. 1), which are also shown in Fig. 1. The test 
pieces were nominally 20 cm x 20 cm x 1 cm. Two CPI-12 tiles 
were cycled 25 times through Area 1 and two CPI-8 tiles were 
cycled 25 times through Area 2. CPI-4 characterized under NASA 
Contract NAS 9-12781 can be used for Areas 1, 2 , and 2P. Some of 
the results obtained on this material are included in this report. 
The cycled tiles were then machined as shown in Fig. 2 into the 
sample configurations necessary for the testing program. 
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III. THERMOPHYSICAL PROPERTIES 


A. Density and Physical Dimensions 

Tables 1 and 2 compare the densities and physical dimensions 
of the CPI tiles before and after re-entry cycling. The data in- 
dicate that both compositions remained dimensionally stable during 
cycling. Minor differences in dimensions and densities were found 
not to be statistically significant. 


B. Micro structure 

The foamlike structure of CPI“12 and CPI”8 was not altered by 
the simulated re-entry thermal cycling. Figure 3 shows micrographs 
of CPI-12 and CPI-8 after re-entry cycling. No statistical dif- 
ference in the pore sizes was observed before and after cycling. 
CPI-12 had an average pore size of 300pm and CPI-8 had an average 
pore size of 175pm. 

The X - ray dif frac tograms of the cycled and uncycled tiles 
showed that there was no change in the relative amounts of cobalt 
aluminate, mullite, and glass, indicating the materials remained 
chemically stable during cycling. There were no noticeable color 
changes in the materials . 


C. Water Absorption 

Measurements of water absorption were made by immersing the 
samples (nominally 2 cm x 2 cm x 2 cm) for 96 hours in a beaker 
of water at room temperature before and after thermal cycling. It 
was necessary to put weights on the samples to keep them submerged. 
Following removal from the beaker, they were dipped in alcohol to 
remove any surface water, and then reweighed. The water absorp- 
tion was then calculated according to the following formula; 


% WA = Wt . gained/Dry Wt . of Block X100 


Table 3 summarizes the water absorption data. It can be seen from 
these data that re-entry thermal cycling did not compromise the 
waterproof characteristics of CPI. The variation in percent water 
absorption is not statistically significant. 
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Table 1 


PHYSICAL DIMENSIONS AND DENSITIES OF 
CP I -12 AND CP I- 8 TILES BEFORE THERMAL CYCLING 


Tile 

L 

(cm) 

W 

(cm) 

H 

(cm) 

Density 

(Kg/m 3 ) 

(pcf) 

A-l 

19.8 



635.09 

39.63 

A-2 

18.4 

17.6 

1.02 

647.35 

40.40 

B-l 

20.1 

20.4 

1.00 

612.33 

38.21 

B-2 

19.4 

21.0 

0.98 

671.95 

41.93 


Table 2 

PHYSICAL DIMENSIONS AND DENSITIES OF 
CPI-12 AND CPI-8 TILES AFTER THERMAL CYCLING 


Tile 

L 

(cm) 

W 

(cm) 

H 

(cm) 

Density 

(Kg/m 3 ) 

(pcf) 

A-l 

19.8 

20.2 


636.85 

39.74 

A-2 

18.4 

17.6 

■ 

647.11 

40.38 

B-l 

20.0 

20.3 

1.00 

610.57 

38.10 

B-2 

19.4 

20.9 

0.99 

670.51 

41.84 


A = CPI-12 
B = CPI-8 
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D. Thermal Expansion 


Linear thermal expansion measurements were made on the CP I "12 
and CPI-8 material before and after cycling. A fused quartz dila- 
tometer was used and the slope of the percent linear expansion 
versus temperature curve in the temperature region of 298 to 1073 K 
was taken as the average linear coefficient of thermal expansion. 
The dilatometric softening points (Mg point) were also extracted 
from these curves. The coefficients of thermal expansion and the 
Mg points are tabulated in Table 4. It can be seen that the simu- 
lated re-entry thermal cycling did not affect the thermal expan- 
sions nor the Mg points. 

E. Thermal Conductivity 

Thermal conductivity was measured using a radial heat flow 
method previously described (Ref. 1). Figures 4 and 5 show the 
data obtained from these measurements. There was no apparent 
change in the thermal conductivities after cycling (within the 
six percent error of the measuring apparatus) . 


F. Total Normal Emittance 

The total normal emittance apparatus has also been previously 
detailed (Ref. 1) . Figures 6 and 7 show the total normal emittance 
of CPI-12 and CPI _ 8 before and after cycling. There was a slight 
increase in emittance of both these materials after cycling. This 
may be due to an improvement in the measuring technique in the 
time interval between the runs. It should also be noted that there 
is approximately a seven percent error bar on these measurements. 
The emittance of both CPI“12 and CPI-8 was not lowered by the simu- 
lated re-entry thermal cycling. 


5 


Table 3 


WATER ABSORPTION OF CP I -12 AND CP I -8 
BEFORE AND AFTER THERMAL CYCLING 


Tile 

% Water Absorption 
Uncycled 

7o Water Absorption 
Cycled 

■ 

1.03 

1.10 

Bfl 

0.09 

. 0.07 

B-l 

1.43 

1.38 

B-2 

1.01 

0.97 


A = CPI-12 
B = CPI-8 


Table 4 

THERMAL EXPANSION COEFFICIENTS AND Mg POINTS FOR 
CP I -12 AND CP I- 8 BEFORE AND AFTER CYCLING 



Coefficient of 




Linear Thermal' 1 ' 



Composition 

Expans ion 

(10" 6 /K) 

Mg Point (K) t 


Uncycled 

Cycled 

Uncycled 

Cycled 

CPI-12 

5.80 

5.82 

1184 


CPI-8 

: 5.46 

5.42 

1254 



Average values of three runs 


6 





















IV. MECHANICAL PROPERTIES 


Another objective of this work was to determine the effect of 
cycling on the mechanical properties of CPI, as well as the evalua- 
tion of mechanical properties of CPI-12 and CPI-8 at elevated tem- 
peratures. The program consisted of the determination of the 
flexural, tensile, and compressive properties of the subject mate- 
rial at room and elevated temperatures, both before and after 
thermal cycling. Flexural tests employed a simple beam under cen- 
ter point loading. Tensile determinations were made by using a 
diametral compression load applied to a disk- shaped specimen. 
Edgewise loading of a free standing prismatic specimen was used to 
determine the compression properties. A detailed description of 
the room temperature testing apparatus and procedures has been 
given (Ref. 1) . 

The elevated temperature mechanical testing was conducted 
using a platinum-wound, 12-cm-diameter , resistance heated furnace 
suspended under the movable crosshead of a universal testing machine 
(Fig. 8). With this arrangement it was possible to lower the pre- 
heated furnace gradually to the specimen, which was supported on an 
alumina fixture. The rate of furnace descent, controlled by the 
crosshead velocity of the machine, determined the heating rate of 
the specimen and fixtures. The rate of temperature rise was held 
to 100 K per minute. Once the specimen was in the constant tem- 
perature zone of the furnace, it was allowed to stabilize for 15 
minutes before testing. The samples were loaded by using a solid 
alumina rod threaded into the load cell of the testing machine. 
Figures 8 to 14 show the experimental apparatus and fixturing in 
detail. The original elevated temperature testing program called 
for characterization of CP I -12 and CP I "8 in the temperature range 
of 1273 to 1473 K. However, initial results indicated that 
mechanical property data in this temperature range were not mean- 
ingful due to viscous flow of the CPI. As reported earlier, 

(Table 4) the Mg points of CPI- 12 and CPI-8 were found to be 
1180 and 1260 K, respectively. At temperatures below these 
softening points, brittle failures were encountered at relatively 
low strain rates [< 0.4 cm/min (0.15 in/min)]. However, at higher 
temperatures, the failure of CPI-12 and CPI"8 becomes strain-rate 
dependent and higher strain rates [> 5 cm/min (2 in. /min) ] were 
necessary to produce brittle failures. At lower loading rates, 
the material behaves plastically. At 1273 K, CPI-8 supported a 
stress of 4.12 x 10^ N/m2 (600 psi) using a strain rate of 
2.54 cm/min, and at 1373 K it supported 1.38 x 10^ N/m^ (200 
psi) at the same strain rate. It was realized that these high 
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strain rates were not indicative of launch or re-entry loading and 
the mechanical testing program was modified. Mechanical testing, 
therefore, was done below 1223 K to eliminate the strain rate 
dependence. This testing program is outlined in Table 5. A strain 
rate of 0.3 cm/min (0.12 in. /min) was used in all testing. This 
strain rate provided a basis of comparison for the data and assured 
brittle failures at the chosen test temperature. At temperatures 
above the softening range, creep studies were carried out. These 
experiments are described fully in the next section of this report. 
The results of this testing program are summarized in Table 6 and 
are presented graphically in Figs. 15 to 20. The unreduced mechan- 
ical property data are presented in the appendix. It can be seen 
from these data that there was no drastic degradation of the 
mechanical properties of CPI-12 and CPI-8 due to re-entry thermal 
cycling. The increase in properties observed at 900 K for sev- 
eral tests is believed to be due to annealing effects in the CPI, 
whereby any stresses induced in the samples due to machining etc. 
are relieved when the sample is heated in this temperature range. 
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CPI HIGH TEMPERATURE TESTING PROGRAM 



*Data generated earlier (Ref. 1) 
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V. CREEP STUDY 


High temperature creep experiments were carried out to evalu- 
ate CPI for various mechanically attached standoff heat shield de- 
sign concepts being considered under Contract NAS 9-12781 (Ref. 2) . 
Because of the glassy behavior of CPI, as well as its strain rate 
dependence at temperatures above the dilatometric softening point, 
it was believed that it would be more meaningful to establish the 
creep characteristics of the material under uniform pressure load- 
ing at various temperatures . 

The sample configuration for this test was a beam 16.5 cm x 
1.3 cm x 0.6 cm (6.50" x 0.50" x 0.25") that was stressed to 
6.9 x 10 2 N/m 2 (0 .1 psi) to simulate re-entry loading. A 15.3-cm 
(6.00") loading span was used. Loading was accomplished by 
equally spacing cylindrical alumina weights across the loading 
span. This uniform load translated to an extreme fiber stress of 
2.95 x 105 N/m 2 (43 psi) . The loaded beam was supported at the 
ends in a box furnace that was then brought to the desired soak 
temperature. Three loaded beams were used for each test. Fig- 
ure 21 shows the experimental setup prior to testing. The combi- 
nation of temperatures and compositions used in the creep study 
are presented in Table 7. The beams were held for approximately 
20 hours at each test temperature with beam deflection versus time 


Table 7 

COMBINATIONS USED IN CREEP STUDY 


Composition 
Wt.% CoO 

Temperature K 

1033 

1143 

1253 

1368 

4 

/ 


y 

y 

8 

v/ 

/ 

y 


12 

y 

y 

y 



11 




monitored photographically. Figure 22 shows the CPI-8 samples 
after 18 hours at 1253 K (1800 °F) . A radius gauge was used to 
obtain the radii of curvature of the deflected beams at various 
times. The radius of curvature and creep strain are related by 
(Ref. 3): 

e c 8 W 


where 


= creep strain 


= radius of curvature 
= geometric factor 


From this relation, the creep strain versus time was determined 
for each test temperature. These data are summarized in Table 8. 
Figure 23 shows the flexural creep strain curve for CPI-8 at 
1253 K. From the accumulated creep data, it was determined that 
in an unsupported standoff heat shield panel design, CPI-4 is 
usable for Areas 2P, 2, and 1 while CPI-8 is best suited for 
Areas 2 and 1, and CPI-12 is most reliable in Area 1. It should 
be noted that this study used beams with a thickness of 0.6 cm, 
whereas in the more detailed design work done under NASA Contract 
NAS 9-12781, CPI was used in thicknesses of 1.8 cm. This in- 
creased thickness gives an increase in use temperature of approxi 
mately 100 K (~ 200 °F) . It should be further noted that these 
tests were run isothermally, whereas under actual re-entry condi- 
tions a thermal gradient would exist through the material that 
would also tend to limit creep effects. 


12 



CREEP STRAIN (10 ) VERSUS TIME FOR CP I -4, CP I- 8, and CP I "12 



21 
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Samples bottomed out in fixture, test terminated 













VI. RESULTS AND CONCLUSIONS 


This study resulted in the further characterization of CPI-12 
and CPI"8 by measurement of their thermophysical and mechanical 
properties at elevated temperatures before and after simulated 
re-entry cycling. Useful heat shield design information was ob- 
tained through elevated temperature creep measurements. The data 
generated in this work have shown that the re-entry thermal en- 
vironment has no detrimental effects on these materials. It has 
also been established that CPI-12 and CPI-8 can be used in mechan- 
ically attached, standoff heat shield components as well as in 
bonded schemes with fibrous insulations. 

In summary, the following conclusions are stated: 

1. Scaled-up (20 cm x 20 cm x 1 cm) CPI-12 
and CPI-8 tiles have been successfully 
cycled through 25 re-entry thermal cycles 
of Area 1 and 2, respectively. 

2. CPI-12 and CPI-8 were physically and chem- 
ically stable during and after cycling. 

3. CPI-12 and CPI"8 maintained their water- 
proof characteristics after cycling. 

4. The coefficient of thermal expansion, 
thermal conductivity, and total normal 
emittance of CPI"12 and CPI"8 were not 
changed as a result of re-entry thermal 
cycling. 

5. No decrease in room temperature or ele- 
vated temperature mechanical properties 
(flexural, compressive, tensile, and 
Young's modulus) was found in CPI-12 and 
CPI-8 after thermal cycling. 

6. A strain rate dependence of brittle 
failures in CPI-12 and CPI"8 was found 
at temperatures above their respective 
dilatometric softening points. 
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7. The high temperature creep study showed 
that CPI-12 and CPI-8 could be used in 
unsupported mechanically attached stand 
off heat shield designs for use in 
Areas 1 and 2, respectively. + 



> 


^ Details will be published in the final report for NASA 
Contract NAS 9-12781. 


15 



REFERENCES 


1. Tobin, A., Feldman, C., Russak, M., and Reichman, J., Develop - 
ment of a Closed Pore Insulation Material , Grumman Aerospace 
Corporation, Final Report on Contract NAS 1-10713, February 
1972. 

2. Varisco, A. and Harris, H., "CPI Design Integration," Sym- 
posium on Reusable Surface Insulation for Space Shuttle, Ames 
Research Center, Moffett Field, California, November 1-3, 1972. 

3. Timoshenko, S., Strength of Materials , Van Nostrand Company, 
Princeton, New Jersey, 1963. 


16 


APPENDIX 

MECHANICAL PROPERTY DATA FOR 
(JP I -l? AND CPI-8 
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Table A-2 


DIAMETRAL COMPRESSION PROPERTIES OF CPI MATERIAL WITH 8 AND 12 PERCENT COBALT ADDITIVE 
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Table A~3 


UNCONFINED EDGE COMPRESSION PROPERTIES OF CPI MATERIAL WITH 8 AND 12 PERCENT COBALT ADDITIVE 
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Fig. 1 Modified Re-Entry Thermal Profiles 
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Temperature (°F) 


Legend: 

Area 

Samples 

A 

Diametral Compression and Emittance 

B 

Thermal Conductivity 

C 

Free Standing Compression 

D 

Wat. Abs., X-ray, Etc. 

E 

Flexure 

F 

Thermal Expansion 



Fig. 2 Samples Cut from CPI Tiles 
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Total Normal Emittance 


T (°F) 



T (K) 


Fig. 6 Total Normal Emittance versus Temperature for CPI-12 
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Total Normal Emittance 


T (°F) 



T (K) 


Fig. 7 Total Normal Emittance versus Temperature for CPI - 8 
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Fig. 8 Elevated Temperature Fixturing for Flexure Test 
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Fig. 9 Close-up of Elevated Temperature Fixturing for 
Flexure Test 
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Elevated Temperature Fixturing for Diametral 
Compression (Tension) Test 
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Fig. 13 Close-up of Elevated Temperature Fixturing for 
Diametral Compression Test 
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Fig. 14 Over-all View of Universal Testing Machine, 
Furnace and Test Fixtures 
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Fig. 15 Flexure and Tensile Strengths versus Temperature 
for CPI-12 
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Fig. 16 Compressive Strength versus Temperature for CPI _ 12 
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Fig. 17 Young’s Modulus versus Temperature for CPI-12 
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Fig. 18 Flexure and Tensile Strengths versus Temperature for CPI-8 
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Fig. 19 Compressive Strength versus Temperature for CPI - 
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Fig. 22 CPI-8 Beams After 18 Hours at 1253 
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Fig. 23 Flexural Creep Strain versus Time for CPI _ 8 at 1253 


